Abstract Effective wastewater treatment is critical to public health and well-being. This is especially true in developing countries, where disinfection of wastewater is frequently inadequate. People who live in these areas may benefit from wastewater disinfection using ozone. This study evaluated the ability of a new electrochemical process of ozone generation, which produced ozone continuously at high pressure and concentration by the electrolysis of water, to disinfect tap water and secondarily treated wastewater. Inactivation of Klebsiella terrigena, Escherichia coli, MS2 bacteriophage and poliovirus 1 was evaluated first in reverse osmosis (RO) treated water. Inactivation of K. terrigena (6-log), E. coli (6-log), MS2 (6-log) and poliovirus 1 (>3-log) was observed after 1min of ozonation in a 1L batch reactor. Experiments were then performed to assess the microbiological impact of disinfection using ozone on secondarily treated municipal wastewater. The effect of ozonation on wastewater was determined for total and faecal coliforms, bacteriophages and heterotrophic plate count (HPC) bacteria. Electrochemical ozone generators provided an effective, rapid and low-cost method of wastewater disinfection. Based on the results of this research, electrochemically generated ozone would be well suited to remote, small-scale, disinfection operations and may provide a feasible means of wastewater disinfection in developing countries.
Introduction
Electrochemical ozone generation is a new technology that is potentially beneficial to people living in remote areas who lack access to microbiologically safe drinking water or lack the ability to disinfect wastewater. Since electrochemical ozone generators (a) are typically small (occupying a volume of ~1 m 3 ), (b) are designed to run continuously and (c) rely solely on clean water and electrical current, they present a useful alternative to other generators in field applications, such as disinfection of water or wastewater in rural environments. One factor that has limited the application of ozone to wastewater disinfection has been the effect of humidity on the corona-discharge type generator (Hitchens et al., 1992) . These generators require exceedingly dry air or oxygen for optimal ozone production, which may disqualify them from remote field applications where concentrated oxygen is not available.
Electrochemical ozone generators produce ozone by separating water into hydrogen and oxygen and evolve ozone by electrolysis. This is accomplished using a low-voltage DC power supply to provide a potential difference across a Nafion © (Dupont Worldwide, Wilmington, DE) proton exchange membrane and results in the continuous production of more pure and concentrated ozone relative to corona-discharge and UV-type ozone generators (Murphy and Hitchens, 1999) .
There are drawbacks to disinfection of wastewater using ozone. Foremost are organic substances in wastewater which interfere with disinfection by competing with microorganisms for dissolved ozone gas. When there are high concentrations of organic matter in microbially contaminated water, large amounts of ozone must be applied to achieve appreciable disinfection. Ozonation can also yield more easily metabolised substrates, including organic carbon and phosphorus (Lehtola et al., 2001) . Like other common disinfectants, ozone gas is hazardous and toxic to humans in high concentrations.
Initial experiments used E. coli, K. terrigena, and MS2 coliphage as model organisms and were conducted in ozone demand-free reverse osmosis (RO) treated water. This allowed comparison of the disinfectant properties of electrochemically generated ozone to previous studies involving ozonation of those microorganisms. Next, experiments were performed with secondarily treated wastewater to evaluate disinfection by electrochemically generated ozone in wastewater.
Materials and methods

Culture preparation
K. terrigena (ATCC 33628) and E. coli (ATCC 25922) were maintained on Tryptic Soy Agar (BD Diagnostics, Sparks, USA) and propagated in 1L of Tryptic Soy Broth (TSB) (BD Diagnostics) at 37°C for 16 h. The culture was centrifuged (30 min, 7,520×g, Beckman model J2-21 centrifuge: Beckman Coulter, Fullerton, USA), the resultant pellet harvested and was washed three times with PBS. The final suspension contained ~1 × 10 10 CFU/mL. E. coli and K. terrigena were enumerated by the spread plate technique (ASTM 9125C; APHA, 1995) using 0.1 mL of sample on m-Endo (BD Diagnostics, Sparks, MD), followed by overnight incubation.
Coliform bacteria were enumerated by the spread plate technique on m-Endo agar at 37°C for 24 h (ASTM Standard Method 9125C; APHA, 1995). Faecal coliforms were enumerated by the spread plate technique on m-FC agar (BD Diagnostics) with the addition of Rosalic acid supplement (BD Diagnostics) at 44°C for 24 h (ASTM Standard Method 9125C; APHA, 1995). Heterotrophic plate count (HPC) bacteria were enumerated using the spread plate technique on R2A agar (BD Diagnostics) at 25°C for 5 d (ASTM Standard Method 9215; APHA, 1995) .
MS2 coliphage (ATCC strain 15597-B1) was assayed by the agar overlay method (Adams, 1959) . A host culture of E. coli (ATCC strain 15597) was prepared by overnight incubation in 100 mL of TSB on a shaker overnight at 37°C. Sample aliquots of 0.1-1.0 mL were added to test tubes containing 3 mL overlay agar (30 g TSB powder + 10 g Bacto Agar, Difco, USA) to which 0.5 mL of E. coli 15597 culture had been added. The mixture was poured onto TSA plates, incubated overnight and counted within 24 h.
Poliovirus type 1 strain (LSc 2ab) was propagated by infection of BGM cells and purified by Vertrel XF © (Dupont Worldwide, Wilmington, USA) extraction to minimise disinfectant residual demand (Mendez et al., 2000) . Titre (PFU) was determined as described previously (Ma et al., 1994) .
Wastewater collection
Grab samples of secondary municipal wastewater (after treatment with biotowers) were obtained from the Pima County Municipal Wastewater Treatment Plant, Tucson, AZ. Wastewater samples were collected after treatment and final settling <2 h before each experiment.
Measurement of water quality and ozone concentration
Dissolved ozone concentration was determined by the indigo colorimetric method (ASTM 4500-O 3 B; APHA, 1995) using a Spectronic Genesys 5 spectrophotometer (Thermo Spectronic, Rochester, USA). Within 4 h of each experiment, wastewater was characterised by determination of turbidity, conductivity, pH, temperature and BOD 5 (ASTM Standard Method 5210; APHA, 1995). Turbidity was determined using a DRT-15CE turbidimeter (HF Scientific, Inc., Fort Meyers, USA) calibrated to 0.02 NTU. Conductivity was determined using a portable conductivity meter (VWR Scientific Inc., West Chester, USA).
Ozone production
An electrochemical ozone generator (Lynntech) was used to generate ozone. The basic concept of electrochemical ozone generation is as follows: a low-voltage DC power supply provides a potential difference across a Nafion © (Dupont Worldwide, Wilmington, USA) proton exchange membrane. The positive terminal of the power supply is connected to the anode of the electrolyser and the negative terminal to the cathode of the electrolyser. Water is then provided to the anode and a catalyst touching the face of the membrane, causing disassociation into hydrogen and oxygen. Under electrolysis, the electron is removed from the hydrogen, leaving a proton, which passes through the membrane to the cathode. The power supply removes the electron from the anode and returns the electrons to the cathode (Hitchens et al., 1992) . Ozone, which accumulates above the water under pressure, is then ducted out of the generator to be used as desired.
Experimental matrix
Reverse osmosis (RO) treated water was ozonated via a submerged 1.2 cm stainless steel pore diffuser until the desired ozone concentration, between 0.1 and 2.5 mg O 3 /L, was reached as measured by the indigo colorimetric method (ASTM 4500O 3 B; APHA, 1995). A sample was taken to confirm ozone concentration in the reactor, and the batch reactor containing RO water with the desired ozone concentration was immediately inoculated with a previously determined quantity of indicator microorganisms. The concentration of the microorganisms was sufficiently high such that it was assumed that any ozone demand resulting from inoculation was due to the microorganisms themselves rather than the PBS in which they were suspended. Duplicate samples of the ozonated, inoculated RO water were taken at various times for microbial assay. These were neutralised by immediate addition of 0.5 mL 0.025N sterile sodium thiosulphate solution as measured by a disposable 1 mL pipette (VWR). Temperature was maintained at 4°C in order to facilitate comparison to previous research.
In experiments using wastewater, ozone was continuously applied to a stirring 1 L beaker filled with wastewater via a submerged 1.2 cm stainless steel pore diffuser. Separate samples were taken for ozone, physicochemical water characteristics, and microbial assays. Samples collected for microbial assay were neutralised as before. After storage for 5 d at 22°C, samples were re-assayed in duplicate to determine the level of microbial regrowth in the treated water. Experiments using wastewater were performed according to the above protocol for each of 12 different wastewater samples.
Results
Disinfection experiments performed in RO treated water
The concentrations of ozone previously reported for the inactivation of MS2 and poliovirus were similar to the concentrations used in our experiments (Finch and Fairbairn, 1991 Helmer and Finch, 1993) . In ozone demand-free RO treated water, poliovirus 1 showed >3 log inactivation after 1 min, with an initial ozone concentration of 0.2 mg O 3 /L. MS2 coliphage displayed a 6-log inactivation after 1 min with ozone concentrations as low as 0.25 mg O 3 /L, with inactivation increasing to 6-log in <30 s at 0.81 mg O 3 /L. Coliform bacteria also showed significant inactivation in ozonated RO treated water. Table 1 shows that inactivation of coliphage and enteric bacteria increased with higher initial ozone concentrations. A dose-response relationship was established for coliforms in ozone demand-free experiments (Figure 1 ) in a log-linear fashion, such that low doses of ozone yielded significant disinfection and that the rate of disinfection increased with increasing initial ozone dose. Low doses of ozone most likely yielded significant disinfection because of the exceptional oxidising ability of ozone. Coliforms and faecal coliforms were inactivated in RO-treated water by ozone in a typical trailing curve pattern (Figure 2 ). This type of curve indicated a resistant sub-population within the inoculum or clumps of organisms which create resistant microcosms within the sample (Montgomery, 1988) . treated wastewater with high BOD 5 , turbidity, and conductivity after brief electrochemical ozone disinfection. Greater than 3-log reduction was observed for coliforms, faecal coliforms, HPC bacteria and MS2 bacteriophage after 5 min of continuous ozonation in a 1 L batch reactor using the electrochemical generator (Figure 3) . The effect of ozonation was different on sub-populations within the microflora of the wastewater (Figure 3 ). Among coliforms, faecal coliforms and coliphages, brief periods (from 1 to 3 min) of continuous ozonation resulted in elimination of the sub-population from the 1 L wastewater sample. Figure 3 plots include only data points that were observed before complete disinfection was achieved.
Ozone disinfection experiments using secondarily treated wastewater showed that the most resistant group of indicator microorganisms were HPC. This was probably due to the heterogeneous nature of this group of bacteria and also their great numbers in wastewater (10 6 -10 8 CFU/mL). It was reasonable to expect that most ozone-resistant bacteria would be found within this group because of its diversity and concentration in wastewater. Among coliforms, faecal coliforms and coliphages, ozonation resulted in elimination of the subpopulation from the 1 L wastewater sample. A striking difference between ozone disinfection of coliforms (including faecal coliforms) and coliphage was observed (Figure 3) .
A positive correlation was observed between BOD 5 , turbidity and disinfection by ozonation of wastewater. In cases where BOD 5 and turbidity were high, the time needed for microbial inactivation was increased; where these were low, disinfection was more rapid. However, no single water-quality parameter, such as BOD 5 or turbidity, could be significantly correlated to the rate of disinfection of wastewater using ozone (N/N 0 at 5 min). Experiments were performed with similar microbial loads in which disinfection took longer with low BOD 5 and high turbidity, and also cases where disinfection took longer with high BOD 5 and low turbidity. As such, an estimation of the ozone demand in a water sample was made by multiplying turbidity (NTU) by BOD 5 (mg O 2 /L) to obtain a numerical value with arbitrary units more indicative of ozone demand, and consequently, the speed of disinfection. A graph which incorporates turbidity and BOD 5 as a single value is shown (Figure 4 ). Total and faecal coliforms were not observed to re-grow in previously ozonated samples; however, HPC re-grew to levels approximately 1-log greater than before ozonation. This could be attributed to the creation of easily metabolised substrate during the process of ozonation (Lehtola et al., 2001) .
Discussion
Initial experiments with RO-treated water demonstrated that ozone generated by the electrochemical method inactivated enteric microorganisms with doses similar to those previously reported in the literature. It was apparent that electrochemically generated ozone was capable of achieving significant disinfection on a small scale in clean water systems, such as would be required for small-scale drinking-water disinfection operations. Exposure to electrochemically generated ozone was shown to yield a 6-log reduction of indicator microorganisms in 1 L water in <1 min. This conformed to USEPA guidelines for the treatment of drinking water using point-of-use water treatment devices (USEPA, 1986) .
Disinfection of secondarily treated wastewater was related to disinfection of RO-treated water experiments, but showed greater variability due to inherent differences in wastewater quality. Variation in initial microbial number, as well as interfering organic material, may have contributed to differences between control experiments and wastewater trials.
The increased portability of electrochemical ozone generators, coupled with experiments that showed significant disinfection by electrochemical ozone generation occurred in secondary wastewater, suggested that this new technology was applicable to a myriad of environmental and home-based disinfection scenarios. Most notably, this new ozone generation technology could be used to disinfect water used for drinking in remote areas. This research also suggested that ozone was capable of disinfecting water with a wide range of water qualities: based on experiments using secondarily treated wastewater. Many other small-scale disinfection operations may be augmented by the involvement of electrochemical ozone generation technology, such as disinfection of septic tank effluents. Future field studies would help to determine the situations in which electrochemical ozone generation technology would be most beneficial. 
